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INTRODUCTION 

This report concerns an experimental investigation of the 
feasibility of producing boron carbide fibers by a continu- 
ous coating technique. Carbon filaments were used as the 
substrate for the deposition of boron carbide. 

Low-density, high-strength monofilaments are of consider- 
able interest to NASA and the Air Force as high modulus 
reinforcements in the structure of composites for applica- 
tions such as rocket motor cases, aircraft and space vehi- 
cle structures, as well as aircraft gas turbine engines. 
Today these fibers are made by decomposition of boron ha- 
lides on an incandescent tungsten filament, A boron carbide 
coated carbon filament would provide a substantial decrease 
in the density of such filaments. 

Boron carbide was selected as a candidate material for pro- 
ducing filaments because of its low cost relative to boron 
and because of its low density, high melting point, high 
strength, relatively high electrical conductivity, and high 
modulus of elasticity. These and other physical properties 
are listed in Table 1. 
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TABLE I 

BORON CARBIDE PROPERTIES* 

Density (apparent specific gravity 
2.52 gm/cc) 

Hardness (Knoop 100) 

Porosity 

Melting Point 

Working Temperature 

Inert Atmosphere 

Oxidizing Atmosphere 

Thermal Expansion in/inPF 

Thermal Conductivity 
(BTU/sq. ft./in./hr.PF at 70°F) 

Modulus of Rupture (psi) 

70°F 

Modulus of Elasticity (psi) 

70°F 

Compressive Strength 

+ 
99 % of 
theore t i ca 1 

2800 

impermeable 

4350°F 

410OOF max. 

~OOOOF max. 

3.22 x 

188 

50 103 
42 103 
35 103 

65 x lo6 

42 lo4 

* The Carborundum company 
Niagara Falls, New York 
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SUMMARY 

1. Boron carbide has been melted on a water-cooled cop- 
per he-arth in an argon atmosphere, using an induction 
generator at a frequency of 450 kilocycles per second. 

2. A partial coating of boron carbide has been produced 
on a carbon filament by drawing it through molten 
boron carbide. 

3. The major variable in the coating process has been 
isolated and identified as the dwell time of the 
fiber within the melt. 
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METHOD OF APPROACH 

The technique proposed for the production of boron carbide 
fibers involves the react ion of molten boron carbide w i t h  
a carbon fi lament t o  form a coat ing.  

I n  general ,  t h e  proposed technique cons i s t s  of passing a 
carbon f i lament  through a m e l t  of boron carbide.  The boron 
carbide was t o  be induct ively melted on a water-cooled, 
copper hear th  (1) wi th in  an i n e r t  atmosphere. Thus, t h e  
problem of contamination encountered when molten boron 
carbide is prepared by conventional furnacing i n  re f rac-  
t o r y  containers  by e i t h e r  a r c  or  induct ion techniques is  
avoided. 

The method was conceived from work conducted by Kuhn and 
Lambertson on t h e  synthesis  of boron carbide and boron 
n i t r i d e  (2) and an inves t iga t ion  of "cold" crucible m e l t -  
ing and cas t ing  of boron carbide. 

3-1 
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EXPERIMENTAL PROCEDURES 

All experiments conducted at Spindletop Research involv- 
ing the melting of boron carbide using induction apparatus 
employed a Lepel, Type 2 CMU, 30-kilowatt, 450-kilocycle 
power source. 

PHASE A 

Preliminary experimental work was done with high boron, 
boron carbide powder of mesh size #325 and finer. ( 3 )  
Using a solid copper hearth of 5/8-inch diameter, a series 
of tests were run to determine if a coil configuration 
sufficient to couple to the boron carbide powder could 
be found. To provide for more effective utilization of 
the generator output, a load coil transformer (4) designed 
to effect an impedance match between generator and small, 
1- to 4-turn coils was used. 

It was found that melting of the boron carbide powder 
could only be accomplished with the aid of a graphite 
"susceptor"; that is, by transferring the heat generated 
in the graphite to the boron carbide powder. The parti- 
cular susceptor employed for this first melt consisted of 
a graphite disc, 5/8-inch in diameter and 1/16-inch thick, 
placed concentrically on the hearth but thermally insulated 
from the hearth by carbon felt, and a compact of boron car- 
bide 1/4-inch thick placed on the disc. This arrangement 
was confined within a fused silica tube 1-1/16-inch OD and 
15/16-inch ID with nitrogen used as a flush gas. 

Coil configuration was two turns of 1/4-inch OD copper tub- 
ing with 1-3/8-inch ID connected directly to the load coil 
transformer. Generator tank coil tap was adjusted for max- 
imum power output. 

The melts obtained using these methods were unsatisfactory 
for fiber coating experiments since the boron carbide pow- 
der only partially melted. This was, however, the first 
experimental verification of the difficulties associated 
in inductively coupling to boron carbide. 

A further objective of these experiments was to attempt 
sintering the boron carbon powder between two susceptors 
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and use  the  r e s u l t i n g  boron carbide compact f o r  melting 
experiments on the hear th .  I t  was found, however, t h a t  
t he  boron carbide could not be s in t e red  i n  t h i s  manner a t  
temperatures below t h e  melting poin t  of boron carbide.  
Furthermore, i f  t he  boron carbide was allowed t o  m e l t ,  i t  
reacted with the  graphi te  d i s c  and thereby contaminated it. 
Ef fo r t s  w e r e  a l s o  made t o  e l iminate  the  carbon f e l t  and 
s t i l l  e f f e c t  melting. W i t h  t h e  c o i l  arrangement descr ibed,  
it w a s  not poss ib le  t o  heat t o  red heat  even a s i n g l e  gra- 
p h i t e  disc on t h e  cold hear th .  

PHASE B 

A series of experiments were conducted t o  provide an in-  
s i g h t  i n t o  some of the  problems assoc ia ted  with placing a 
carbon fi lament i n t o  molten boron carbide. 

The apparatus described i n  Phase A w a s  modified t o  in -  
c lude use  of: 

1) 4-turn heating c o i l  made from 1/4-inch OD 
copper tubing wi th  1-3/8-inch I D  and 1-1/2- 
inch high 

2 )  Cyl indrical  graphi te  crucibles l-1/2-inch 
high and 5/8-inch OD with an i n t e r n a l  bore 
3/8-inch and 1-3/16-inches deep 

3 )  Argon f l u s h  gas 

4) 0.006-inch D x 8-1/2-inch long carbon 
f i laments  (5)  

Boron carbide powder w a s  manually packed t o  f i l l  a l l  of 
t h e  crucible bore and placed concent r ica l ly  on the cold 
hearth. It w a s  found t o  be r e l a t i v e l y  easy t o  completely 
m e l t  t h e  e n t i r e  powder charge a s  evidenced by sect ioning 
the crucible upon cooling. I t  was f u r t h e r  found t h a t  t h e  
cooled crucible had been boron carbide coated w e l l  above 
the m e l t  l i n e ,  ind ica t ing  creeping. S i m i l a r  experiments 
c l e a r l y  ind ica t ed  reac t ion  of the  molten boron carbide 
w i t h  t h e  c ruc ib le ;  prolonged maintenance of the m e l t  w i t h -  
i n  t h e  crucible l e d  t o  complete pene t ra t ion  of the  l i q u i d  
boron carbide through the crucible  w a l l .  
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Examination of fibers dipped into the melt and withdrawn 
always revealed a reaction of the fiber with the melt. This 
was evidenced by microscopic examination of the "filament- 
ends" revealing a gradual tapering down to a fine point. 
A representative example of this tapering is shown in 
Figure 1. It is important to emphasize that the dwell time 
of the filament-end in the melt was on the order of one 
second. Efforts to decrease this dwell time were not suc- 
cessful due to a lack of manual control of fiber position 
because of cantilever vibration in the dipping process. 

PHASE C 

The type of crucible used in B was modified to have the 
bottom open to the cold hearth. Crucibles packed with boron 
carbide powder and placed on the cold hearth were found to 
have provided essentially the same melt characteristics 
found in Phase B. It was observed, however, that the bot- 
tom 1/8 inch of boron carbide powder charge next to the 
hearth did not melt or sinter but remained as a powder. 
Several attempts were made to withdraw the tube-type cruci- 
ble while the boron carbide was molten, the idea being that 
it may have been possible to leave the molten boron carbide 
intact on the cold hearth in a molten state. However, it 
was always found that the boron carbide accompanied the cru- 
cible during withdrawal. 

PHASE D 

A series of experiments were designed with the sole intent 
to melt boron carbide on a cold hearth within an inert at- 
mosphere. Equipment design was not to be influenced by 
the accessibility of the melt to fiber insertion. Further 
use of boron carbide powder was discontinued. Instead, we 
obtained solid hot pressed boron carbide discs 7/8-inch D 
and 1/4-inch thick with an average density of 2.43 gm/cc. 
( 6 )  Based on information supplied by the Lepel High Fre- 
quency Laboratories, a special plate-concentrator coil was 
constructed as shown in Figure 2. A new copper hearth was 
constructed with 7/8-inch D to accept the boron carbide disc. 
The plate-concentrator coil was connected directly to the 
generator output. Schematic arrangement of the melting ap- 
paratus is shown in Figure 3 .  
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The first experiment with t h i s  apparatus consis ted of s tack-  
ing t h r e e  boron carbide d iscs  on t h e  hear th  w i t h  t h e  upper- 
m o s t  disc c e n t r a l l y  located i n  the ho r i zon ta l  plane of t h e  
rec tangular  p l a t e  of t h e  plate-concentrator co i l .  W i t h  t h i s  
arrangement, it w a s  poss ib le  t o  m e l t  t h e  uppermost d i s c  and 
a por t ion  of t h e  middle d i sc  wi th in  a few minutes. E f f o r t s  
t o  m e l t  a s i n g l e  d i s c  posit ioned wi th in  t h e  plate-concentra- 
to r  w e r e  not  successfu l  w i t h  t h e  d i s c  r e s t i n g  on t h e  cold 
hear th .  It w a s  found that w i t h  t w o  discs it w a s  possible 
t o  p a r t i a l l y  m e l t  t h e  uppermost d i sc .  Based on these obser- 
va t ions ,  it was concluded t h a t  t h e  proximity of t h e  hearth 
t o  t h e  plate-concentrator  "robbed" a s u b s t a n t i a l  por t ion  of 
t h e  a v a i l a b l e  f l u x  when posit ioned f o r  s i n g l e  d i s c  melting. 
While th i s  arrangement would be s a t i s f a c t o r y  for simply 
melting boron carb ide  on boron carbide,  i t  was far  short of 
the goa l  of melting on a cold hear th .  I t  was reasoned that  
the degree of eddy cur ren t  generat ion i n  t h e  hear th  could 
be reduced by breaking up the cur ren t  generat ion pa th  i n  
direct analogy t o  the  laminated armatures employed i n  r o t a t -  
ing e l e c t r i c a l  machinery. Accordingly, a sp l i t  hea r th  w a s  
constructed a s  shown i n  F i g u r e  2. Experimentation wi th  t h i s  
hea r th  r e s u l t e d  i n  s i n g l e  d i s c  melting on the first attempt. 
Furthermore, a s  evidenced by t h e  photographs shown i n  Fig- 
u re  4,  a po r t ion  of the bottom part of the d i s c  had ac tua l -  
l y  melted i n  contact  w i t h  the cold hearth -- a s  evidenced 
by the imprint of the  cold hear th  grooves. 

Figure 5 i s  a photograph of the a c t u a l  m e l t .  I t  i s  i n t e r -  
e s t i n g  t o  observe t h e  b e l l  shape t h e  m e l t  assumes a s  it 
rises above the  plate-concentrator.  The photographs given 
i n  Figure 6 show seve ra l  r ep resen ta t ive  samples of m e l t s  
w h i c h  d id  not pene t r a t e  through t o  t h e  cold hear th .  

The melting apparatus shown i n  Figure 3 w a s  modified by 
s l i t t i n g  t h e  fused s i l i ca  t u b e  downward along the cross- 
sec t ion  diameter. This allowed f o r  ho r i zon ta l  i n s e r t i o n  
of the fiber p a r a l l e l  t o  the  plate-concentrator .  W i t h  
t h i s  arrangement it was possible t o  s l i d e  a po r t ion  of t h e  
f iber  through t h e  m e l t .  P a r t i a l l y  coated fibers w e r e  ob- 
t a ined  i n  t h i s  manner. One such fiber i s  shown i n  Figure 
7 and a cross-section of the same f iber  i n  Figure 8. 

PHASE E 

During the course of t h i s  program, i t  was  decided not  t o  
overlook the p o s s i b i l i t y  of megacycle frequency generators  
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F I G U R E  5. FRAME TAKEN FROM 8mm MOVIE FILM 
SHOWING THE BELL-SHAPED BORON 
CARBIDE MELT ON THE COLD HEARTH. 
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F I G U R E  7. CARBON F I B E R  ( 0 . 0 0 6 - I N .  DIAMETER) 
PASSED THROUGH COLD HEARTH MELT O F  
BORON CARBIDE. MAGNIFIED 120 TIMES. 

MOST F I B E R  PERIPHERY. )  
(OBSERVE THE COATING ON THE UPPER- 

F I G U R E  8. CROSS SECTION O F  F I B E R  GIVEN I N  
F I G U R E  7 .  MAGNIFIED 480 TIMES. 
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as a superior means of coupling to boron carbide. Accord- 
ingly, arrangements were made with Radio Frequency Company (7) 
to melt boron carbide discs on a water-cooled hearth in an 
inert atmosphere, using a frequency of 76 megacycles. This 
phase of the program was not intended to be exhaustive but 
rather to indicate the prospects that megacycle generators 
might afford. 
that coupling to the boron carbide was easy and subsequent 
melting was possible. However, at the frequency employed 
and with argon as the flush gas, plasma generation added 
certain difficulties, and this phase of the program was 
not pursued further. 

The results of these experiments revealed 
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DISCUSSION 

To achieve the objectives of this project it was necessary 
to melt boron carbide inductively on a water-cooled hearth 
and to pass a filament of carbon or graphite through the 
molten boron carbide and thereby coat it. Insofar as could 
be determined by literature research and communication with 
various laboratories ( 8 )  experienced in the melting of high- 
temperature compounds, boron carbide had not been previously 
melted inductively on a water-cooled copper surface. Early 
inthe experimental program it was found that melting boron 
carbide on a water-cooled surface was a formidable problem. 
This problem eventaully consumed most of the experimental 
effort and limited the time which could be devoted to the 
coating of the carbon filaments. 

PROBLEM ANALYSIS 

Essentially, the problem is to provide either a conversion 
or deposition coating of boron carbide on a carbon filament 
as it is passed through the molten boron carbide. High 
strengths can probably be achieved if a microcrystalline 
coating is obtained. It was thought that the rapid quench- 
ing of the coated fiber as it passed through the melt into 
an inert atmosphere would be sufficient to produce the des- 
ired coating structure. 

Consideration of boron carbon phase diagram in Figure 9 in- 
dicates that carbon is highly soluble in molten boron car- 
bide at temperatures above 24OOOC. Since the dissolution 
at these temperatures is probably extremely rapid, it was 
realized that it would be necessary to pass the filament 
through the liquid at a relatively high rate of speed. 
This was confirmed experimentally. 

MELT OBSERVATIONS 

Some of the characteristics peculiar to the boron carbide 
melt obtained on the water-cooled hearth are worthy of men- 
tion, The onset of the melt is characterized by a mush- 
rooming growth of liquid proceeding from an arbitrary point 
on the boron carbide disc surface. This liquid sheath even- 
tually centers itself on the disc assuming a bell shape. 
In a spectacular fashion, this liquid blob oscillates back 
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and f o r t h  f r o m  t h e  v e r t i c a l  w h i l e  simultaneously r o t a t i n g .  
The height  t h a t  t h e  m e l t  reached was always about one inch 
above t h e  plate-concentrator.  Consideration of the  r e l a -  
t i v e l y  l a rge  volume occupied by the  l i qu id  m e l t  indicated 
t h a t  t h e  m e l t  i n t e r i o r  must be hollow, Examination of t h e  
cooled m e l t s  subs tan t ia ted  t h i s  hypothesis.  A non- t r iv i a l  
p r a c t i c a l  advantage gained f r o m  t h e  m e l t  charac te r  is i ts  
he ight .  Prior t o  these  observations,  i t  w a s  thought t h a t  
fiber entrance to the m e l t  could only be obtained by d r i l -  
l i n g  a passageway through the  plate-concentrator.  Now, how- 
ever ,  it was only necessary t o  make entrance through t h e  
fused-s i l ica  tube w e l l  above the  co i l  proper. 

HEARTH CONSIDERATIONS 

One problem assoc ia ted  with t h e  boron carbide d i s c s  used 
i n  the experimental program is  occasional  cracking during 
t h e  m e l t  cycle.  Even with t h e  grooved hear th ,  t h e  crack- 
ing is such t h a t  s u f f i c i e n t  coupling t o  m e l t  the  d i s c  is  
lost .  However, if t w o  d i sc s  a r e  employed wi th  t h e  upper- 
m o s t  d i s c  i n  t h e  plane of the plate-concentrator ,  melting 
can always be obtained even if the d i s c  cracks. This sug- 
g e s t s  t h a t  t h e  s p l i t  hear th  as used here  could probably 
be f u r t h e r  improved t o  reduce cu r ren t  generat ion.  Such 
modification might employ more c u t s ,  poss ib ly  i n  the f o r m  
of a criss-cross mat cu t t ing .  The ex ten t  of hearth spl i t -  
t i n g  would probably have t o  be t raded off w i t h  a subsequent 
decrease i n  the thermal conduct ivi ty  of t h e  hear th .  

SOLUBILITY CONSIDERATIONS 

From considerat ion of t h e  phase diagram, it is reasonable 
t o  suppose t h a t  the s o l u b i l i t y  of t h e  carbon f i lament  
would be less i n  a so lu t ion  of boron carbide sa tu ra t ed  
w i t h  carbon than i n  a d i l u t e  s o l u t i o n  of carbon i n  boron 
carbide. This  carbon concentration effect i s  shown clear- 
l y  i n  Figures 1 and 10 which compare the r e l a t i v e  taper ing  
of 1) a fiber immersed i n  a g raph i t e  c ruc ib l e  m e l t  of 
boron carbide f o r  about one second (Figure l ) ,  and 2 )  a 
f iber placed i n  a boron carbide m e l t  on a water-cooled 
copper hear th  f o r  one second (Figure 10 ) .  

T h e  more gradual  taper ing of t he  f iber (shown i n  Figure 1) 
when immersed i n  a m e l t  sa tura ted  wi th  carbon, i nd ica t ing  
a considerably s l o w e r  r a t e  of d i s s o l u t i o n ,  F u r t h e r ,  note  
i n  Figure 10 the  rap id  d i s so lu t ion  of t h e  fiber immersed 
i n  a m e l t  r e l a t i v e l y  l o w  i n  free carbon. 
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FIGURE 10. CARBON FIBER (0.006-IN. DIAMETER) 
PLACED IN COLD HEARTH MELT OF BORON 

COND. MAGNIFIED 120 TIMES. 
CARBIDE F3R APPROXIMATELY ONE SE- 
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DWELL-TIME CONSIDERATIONS 

This phase of the experimental program has indicated that 
boron filaments of 0.006-inch diameter can be coated by 
passing the filament through molten boron carbide. The 
experimental program has also illustrated that the dwell 
time of fiber within the melt is a major process variable, 
The photographs given in Figures 7 and 10 illustrate two 
extremes of dwell time. The coating condition shown in 
Figure 7 was obtained by passing a six-inch length of fiber 
through the melting apparatus in approximately half a 
second. Of this six-inch length, approximately one inch 
of fiber contacted the melt corresponding to a dwell time 
of about 0.09 seconds. We assume that the boron carbide 
coating thickness is inversely proportional to the fiber 
velocity through the melt. This follows from the fact that 
reactions that take place between substances in different 
states occur at the boundary: that is, the surface between 
the phases. Therefore, for a given melt at a given temper- 
ature, the reaction depth per unit length of fiber must be 
directly proportional to the dwell time of the fiber within 
the melt and hence inversely to the fiber velocity. 
example, if we are able to coat a 0,006-inch D fiber to a 
given thickness at a velocity of one foot per second, the 
same ratio of coating thickness to fiber diameter could 
be accomplished at six feet per second for an 0.0010-inch 
fiber, at 60 feet per second for an 0.0001-inch fiber, etc. 

For 

Still another factor influencing the dwell time is the cross- 
section length of melt through which the fiber passes. It 
is reasonable to assume that this width must vary as the dia- 
meter of the boron carbide disc and hence as the diameter 
of the plate-concentrator hole. Unlike the conventional 
coils employed in induction generators, the plate-concentra- 
tor working diameter is not limited by the radius of curva- 
ture that a copper tube maybe made to assume. 
it is conceivable that boron carbide could be melted on a 
cold hearth with considerably smaller dimensions than ob- 
tained in this program. 

Consequently, 

1 
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RECOMMENDATIONS 

1. continue work to exploit the dwell-time kinetics of 
boron carbide melts on a water-cooled hearth as it 
influences coating thickness and fiber-melt reacti- 
vity. 

2. Continue development of cold-hearth production of 
boron carbide-coated carbon fibers and broaden the 
scope of the work to include the use of fibers other 
than carbon. 

3. Apply for patent covering the concept of carbon 
filament coating with boron carbide. 

4. Publish technical article describing the developed 1 
technique for inductively melting boron carbide on 
a water-cooled hearth. 
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